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Abstract Cobalt ferrite nanoparticles are a soft magnetic

material have been extensively used in many electronic and

magnetic applications. In this study, Co0.8Fe2.2O4 nano-

particles with particle size of about 23.5 nm were directly

synthesized by sol–gel auto-combustion and calcination

methods using spent Li-ion batteries as raw materials. The

overall process involves four steps: formation of homoge-

neous sols; formation of dried gels; combustion of the dried

gels; and calcination of the dried gels after combustion at

1173 K for 2 h. The DTA–TG and IR were used to study

the auto-combustion and thermal decomposition of the

precursor, the morphology and structure of cobalt ferrite

nanoparticles were characterized by XRD and TEM tech-

niques. Moreover, the precise metal ion stoichiometry of

cobalt ferrite nanoparticles was analyzed by ICP. The

results revealed that the auto-combustion process was

considered as a heat-induced exothermic oxidation–reduc-

tion reaction between nitrate ions and carboxyl group. The

XRD patterns of calcination the dried gels after combustion

confirmed the single phase spinel structure for the syn-

thesized materials. The crystallite size was calculated from

the most intense peak (3 1 1) using the Scherrer equation.

The TEM photograph also shown that cobalt ferrite nano-

particles were well-dispersed and with little aggregation.

Introduction

Nowadays, the usage of Li-ion batteries has rapidly

increased because they are widely used as electrochemical

power sources in mobile telephones, personal comput-

ers, video-cameras, and other modern-life appliances [1].

Li-ion batteries are often superior to conventional systems

with aqueous electrolytes such as the nickel–cadmium

(Ni–Cd) rechargeable batteries. LiCoO2 is one of the most

commonly used materials in Li-ion battery cathodes due to

its good performance [2]. The anodic material used in

Li-ion batteries is carbon. Li-ion batteries operate by

reversible transport from an electrode to another [3]. The

charge and discharge processes of batteries with LiCoO2 as

a cathode are represented by Eq. 1.

LiCoO2 þ 6C )���������������*
Charge

Discharge
Lið1�xÞCoO2 þ C6Lix ð1Þ

Li-ion batteries not only dominate the cellular phones and

laptop computer areas, but also will be the first category of

dynamic batteries to be chosen to provide power for elec-

tronic automobile in the future time. In 2000, the world-

wide production of Li-ion batteries reached about 500

millions cells. From this consumption, It is estimated

that the amount of spent Li-ion batteries may reach

200–500 tons/year (2002–2006), with significant amounts

of cobalt (5–20 wt%) and lithium (2–7 wt%) [4].

LiCoO2, which is used as the cathode material for

almost all commercialized Li-ion batteries due to its

excellent performances, still has some disadvantages,

such as high cost, limited cobalt resources, toxicity, etc.
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Therefore, the recycling of spent LiCoO2 electrodes has

many advantages such as an alternative cobalt resource,

mitigation of environmental pollution, etc. The data from

London Metal Exchange from January to October 2004

showed that the price of cobalt is about two times more

expensive than nickel, 24 times more expensive than alu-

minum, and 15 times more expensive than copper [5]. As a

result, it is necessary to recycle the LiCoO2-based Li-ion

batteries. The recovered cobalt may be used to make either

alloys with magnetic properties or new electrodes [6–9].

As potential predominant magnetic and electrical resis-

tive materials, cobalt ferrite nanoparticles with a ferri-

magnetic cubic spinel structure are characterized as an

important class of soft magnetic materials, have large

magneto crystalline anisotropy and reasonable magnetiza-

tion, and are widely used in many electronic and magnetic

applications, such as high-density magnetic recording

media, high-performance electromagnetic and spintronic

devices, ferrofluids, magnetic resonance imaging, etc.

[10–12]. Owing to their excellent magnetic, luminescent,

and mechanical properties, various methods to prepare

cobalt ferrite nanoparticles with high-electromagnetic

performance have been reported, including coprecipitation,

spray drying, freeze drying, sol–gel, self-propagating

combustion and hydrothermal methods [13–18]. Among

these methods, more and more attention has been paid to

sol–gel and self-propagating combustion methods [19, 20].

The advantages of the sol–gel method are relatively low

preparation temperature and high reactive activity, leading

to as-synthesized materials with homogeneity and accurate

stoichiometric composition. The characteristics of the self-

propagating combustion method are to use the internal

chemical energy of raw materials to complete the synthe-

sis. The advantages of this method are simple process, low

energy loss, high production yield and high product purity.

At the same time, numerous studies have been reported on

recycling spent Li-ion batteries. However, there was no

report on preparation of ferrimagnetic cobalt ferrite nano-

particles by using spent Li-ion mobile phones batteries. In

this study, the authors have reported a novel way to recycle

spent Li-ion batteries by combining the chemical sol–gel

process with the combustion process and the target prod-

ucts are not a single metal or its oxide but ferrimagnetic

cobalt ferrite nanoparticles with high value.

Experimental

Chemical composition of Li-ion batteries

A Li-ion battery consists of a plastic casing and several cell

units. Each cell unit has a cathode, an anode, an organic

separator, an organic electrolyte, and a Ni-coated steel

casing. Table 1 shows a typical chemical composition of

the Li-ion batteries [4].

Raw materials

Two spent Li-ion mobile phone batteries (manufactured

2000) were employed in this study. Li-ion batteries were

manually dismantled and physically separated into their

different parts: anode, cathode, steel, separators, and cur-

rent collectors. Cathodic active materials from spent Li-ion

batteries were separated by a series of thermal treatment,

high-speed shredding, calcination steps [4].

Synthesis of Co0.8Fe2.2O4 nanoparticles

The cathodic active materials obtained as raw materials to

prepare nanocrystalline cobalt ferrites were dissolved in

4 mol L-1 HNO3 containing 2.5 wt% H2O2. The mixed

solution was stirred continuously at 353 K for 2 h. After

complete dissolution, the mixed solution was filtered in

order to obtain the pure cobaltous hydroxide precipitate and

avoid the production of impurities in the final product, and

an orange yellow clear solution was obtained. Then, an

aqueous solution of 40 wt% NaOH was used as the precip-

itating agent. The pH value of the mixed solution was con-

stantly monitored while the NaOH solution was added. The

mixed solution was constantly stirred using a magnetic

stirrer until the pH level of 9.0–10 during the coprecipitation

process. To isolate the supernatant liquid, the mixed solution

was centrifuged for 15 min at 2,500 rpm, and the cobaltous

hydroxide precipitate was obtained. The supernatant liquid

was then decanted and cobaltous nitrate and ferric nitrate

solution was obtained by dissolving the cobaltous hydroxide

sedimentation in 2 mol L-1 HNO3 containing 2.5 wt%

H2O2. After that, the concentrations of Co2? and Fe3? were

analyzed by inductively coupled plasma (ICP). In order to

prepare cobalt ferrite (Co0.8Fe2.2O4) nanoparticles [21],

0.05 L of 0.02 mol L-1 cobaltous nitrate and ferric nitrate

solution was obtained by adding suitable amounts of ana-

lytical grade Co(NO3)2 and Fe(NO3)2 to adjust the concen-

trations of Co2? and Fe3?. Furthermore, an appropriate

amount of citric acid was put into the solution to adjust the

molar ratio of the total concentrations of metal ions to citric

acid, leading to 1.0:0.75. Following the adjustment of a pH

level of 7.0 by aqua ammonia, during this procedure, the

Table 1 Average chemical composition of Li-ion batteries

Component LiCoO2 Steel/Ni Cu/Al

Wt% 27.5 24.5 14.5

Component Carbon Electrolyte Polymer

Wt% 16 3.5 14
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solution was continuously stirred by a magnetic agitator, and

the temperature was controlled at 348 K, until the solution

became saturated and formed the brown–red sol. The sol was

put into a dish and dried in an oven at 408 K for 8 h, and then

transformed into dried gels. Igniting the dried gels, a self-

propagating combustion process occurred and the dried gels

after combustion was obtained. Finally, The cobalt ferrite

(Co0.8Fe2.2O4) nanoparticles were prepared via calcining the

dried gels after combustion at 1173 K for 2 h. The experi-

ments were run in triplicate, and errors for each experiment

were always below 3%.

Analytical methods

The thermal properties of the products were carried out by

thermogravimetric analysis (TG) and differential thermal

analysis (DTA) (model DT-40, Japan) at a heating rate of

283 K/min in static air. Infrared spectrum (IR) (model

TENSOR-27, Germany) of the samples was measured by a

spectrophotometer from 400 to 4000 cm-1 using the KBr

pellet method. The phase identification of the dried gels

before combustion and after combustion, and the dried gels

after combustion calcined at 1173 K for 2 h were per-

formed by X-ray diffraction (XRD) (model BRUKER.axs,

Germany) with Cu Ka radiation. The microstructure of

cobalt ferrite was observed using transmission electron

microscopy (TEM) (model JEM-100SK, Japan). Stoichi-

ometry analysis of the cobalt ferrite (Co0.8Fe2.2O4) nano-

particles was carried out by inductively coupled plasma

(ICP) (model Optima 2100DV, America).

Results and discussion

Self-propagating combustion process of the dried gels

The autocatalytic nature of the combustion process of the

dried gels was investigated by TG–DTA measurements and

the results are presented in Fig. 1. The experimental DTA

curve shows obviously two exothermic peaks. It can be

seen that the first exothermic peak at around 462.3 K is

relatively sharp and intense, and the related TG curve

shows large weight loss near this temperature. The result is

attributed to the decomposition of the dried gels occurring

in a single step, which is induced by autocatalytic oxida-

tion–reduction reaction between the nitrate and the citrate

acid. The second exothermic peak at around 585.8 K is

relatively wide as well, but the related TG curve shows

only a small weight loss near this temperature, which is

contributed to the decomposition of the rest of the organic

matter.

IR spectrum of the dried gels before combustion

and after combustion

The information on the chemical changes taking place

during the combustion process could be obtained by

infrared spectra analysis, which would be very helpful for

understanding combustion-related reaction mechanism.

Figure 2 shows the IR spectrums of the dried gels before

combustion and after combustion at different molar ratio of

the total concentration of metal ions to citric acid at a pH

level of 7.0 within the range of 400–4000 cm-1. Data

analysis on the IR spectrum of the dried gels before com-

bustion indicates that the characteristic bands peaking at

3300–2500 and 1600 cm-1 originate from the stretching

vibration of the O–H group and the antisymmetric

stretching vibration of the carboxyl group in Fig. 2a. In

addition, the characteristic band of NO3
- ion is also shown

at about 1450–1300 and 830–800 cm-1, respectively.

Which indicates that the NO3
- group existed in the struc-

ture of citrate gels during the process of gelation. After the

combustion process, the strength of the IR absorption

bands corresponding to O–H group, carboxyl group and

NO3
- disappeared completely. These variations reflected

by the IR spectra before and after burning indicate that both

the carboxyl group and NO3
- took part in the reaction

during combustion process. Furthermore, a new absorption

band peaking at 571 cm-1 appears. It can be seen from

Fig. 2c, d that there is only one obvious band at about

571 cm-1, which is identified to correspond to the char-

acteristic band of M–O(M = Fe, Co) stretching vibration

mode. Therefore, the combustion occurred here could be

considered as a thermally induced anionic redox reaction

process of the xerogel, in which the carboxyl groups act as

a reductant while NO3
- ions act as an oxidant. Because the

nitrate ions provide an in situ oxidizing environment for the

decomposition of the organic component, the oxidation

reaction is highly accelerated and finally leads to a self-

propagating combustion process of nitrate–citrate gel.

Which could be explained as follows, with the amount of

Fig. 1 TG and DTA curves of the dried gels powder
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aqua ammonia addition and the solution continuously

stirring the following reaction occurs:

C6H8O7ðaqÞ þ Co2þ þ Fe3þ þ NO�3 þ NH3 � H2OðaqÞ
! Co0:8Fe2:2O4ðaqÞ þ CO2ðgÞ þ NH3ðg)

þ NO2ðgÞ þ H2O(g)

Comparing Fig. 2b with c and d, the cobalt ferrite nano-

particles could be formed during combustion with the molar

ratio (1:0.75 or 1:1) of the total concentration of metal ions

to citric acid because of a new absorption band peaking at

571 cm-1 appears, and the characteristic band of NO3
- ion

at about 1450–1300 cm-1 disappeared completely.

IR spectrum of the dried gels after combustion calcined

at 1173 K for 2 h

Figure 3 shows that the IR spectrums of the dried gels after

combustion at 1173 K for 2 h at different molar ratio of the

total concentration of metal ions to citric acid at a pH of 7.0

within the range of 400–4000 cm-1. The characteristic

band of cobalt ferrite nanoparticles at about 571 cm-1

could be obviously found in Fig. 3. By comparing Fig. 3b

with a and c, the strongest IR absorption bands is in

Fig. 3b, Its IR absorption bands intensity between Fig. 3a

and c. Therefore, the cobalt ferrite nanoparticles could be

formed during the dried gel after combustion calcined at

1173 K for 2 h with the molar ratio (1.0:0.75) of the total

concentration of metal ions to citric acid.

XRD patterns of the dried gels before combustion

and after combustion calcined at 1173 K for 2 h

Generally, XRD can be used to characterize the crystal-

linity of nanoparticles, and it gives average diameters of all

the nanoparticles. The precipitated fine particles were

characterized by XRD for structural determination and

estimation of crystallite size. XRD patterns were analyzed

and indexed using powder X software [22]. For monitoring

the phase evolution of the dried gels before combustion and

after combustion, XRD experiments were carried out in

Fig. 4, Fig. 4a shows the XRD of the dried gels before

combustion are amorphous naturally, but the XRD of the

dried gels after combustion calcined at 1173 K for 2 h is a

ferrimagnetic cobalt ferrite nanoparticles with a cubic

spinel structure in Fig. 4b–d. The strongest reflection

comes from the (3 1 1) plane, which denotes the spinel

phase. The peaks indexed to (2 2 0), (3 1 1), (2 2 2), (4 2 2),

(5 1 1), and (4 4 0) planes of a cubic unit cell, correspond to

cubic spinel structure. The crystallite size of the powder is

estimated from the X-ray peak broadening of the (3 1 1)

diffraction peak Fig. 4c using Scherrer equation:

t ¼ 0:9 k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2
M � B2

S

� �

q

cosh

t means the crystallite size, BM is the full width at half

maximum of the sample, and BS is that of a standard

Fig. 2 IR spectrums of the dried gels before combustion (a) and after

combustion on different molar ratio (b) 1.0:0.5, (c) 1.0:0.75, (d) 1:1

Fig. 3 IR spectrums of the dried gel after combustion calcined at

900 �C for 2 h on different molar ratio (a) 1.0:0.5, (b) 1.0:0.75,

(c) 1:1

Fig. 4 XRD patterns of the dried gels before combustion (a) 1:0.75

and after combustion calcined at 900 �C for 2 h (b) 1:0.5, (c) 1:0.75,

(d) 1:1
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crystallite size of around 2 lm. k is the X-ray wave length

and h is the angle of diffraction. The mean crystallite size

estimated from the (3 1 1) peak is approximately 23.5 nm.

TEM photograph of the dried gels after combustion

calcined at 1173 K for 2 h

The TEM photograph of the dried gels after combustion is

shown in Fig. 5. The particle size of ferrimagnetic cobalt

ferrite estimated from the photograph is below 25 nm and

the morphology of the particles is almost spherical. The

TEM photograph is also shown that the cobalt ferrite

nanoparticles synthesized with the combination of the sol–

gel and the dried gels after combustion calcined at 1173 K

for 2 h methods were well-dispersed and with little

aggregation.

Stoichiometry analysis of the dried gels

after combustion calcined at 1173 K for 2 h

A 0.30 g powder of the dried gels after combustion cal-

cined at 1173 K for 2 h was dissolved in HNO3. After

digestion, the solution was evaporated to dryness; the res-

idue was transferred into a volumetric flask and made up to

the 0.025 L with ultrapure water. Blank solutions were

prepared in the same way as the samples. The precise metal

ion stoichiometry of Co and Fe was measured by induc-

tively coupled plasma (ICP), the results showed 26.60 and

69.73 wt%, respectively. The result is almost equal to the

initial stoichiometry (Co0.8Fe2.2O4) in the solution after

adjusting the metal ion.

Conclusions

The ferrimagnetic cubic spinel cobalt ferrite nanoparticles

with an average crystallite size of 23.5 nm could be

prepared with the combination of the sol–gel and the dried

gels after combustion calcined at 1173 K for 2 h methods

using the spent lithium batteries as raw materials, which

provides an alternative way to recycle spent Li-ion

batteries.

The dried gels reaction products exhibited auto-com-

bustion behavior at room temperature, the essence of the

auto-combustion process of dried gels could be considered

as a thermal-induced autocatalytic anionic redox reaction.

In the redox reaction, nitrate ion played an important role

in providing the oxidizing environment, lowering the

decomposition temperature of the organic component, and

increasing the rate of the oxidation reaction, which could

result in a self-propagating combustion.
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